The adenomatous polyposis coli (APC) is a tumor suppressor whose loss of function leads to colon cancer. APC shuttles between the nucleus and cytoplasm, however its role in the nucleus remains elusive. We have found that nuclear APC specifically associates with transcriptionally active chromatin through structural elements located downstream to the region of frequent truncation mutations found in colorectal tumors. We show that a recombinant APC fragment comprising such elements associates in vivo with euchromatin and preferentially binds in vitro to acetylated histone H3. Induction of DNA double-strand breaks (DSB) stimulates accumulation of APC at the damaged DNA chromatin marked by histone H2AX and S139-phosphorylated histone H2AX. A nuclear complex containing the DNA-dependent protein kinase catalytic subunit (DNAPKcs) and APC associates with chromatin in response to DNA DSB. APC knockdown with siRNA decreased the rate of DNA DSB-induced S139 histone H2AX phosphorylation in cells expressing endogenous full-length APC, but not in colon cancer cells with its truncation mutants, whereas ectopic APC expression stimulated the H2AX phosphorylation regardless of the type of endogenous APC. Our data suggest that APC involves in the DSB DNA repair and that truncation mutations impair chromatin-associated functions of APC.
Introduction
Adenomatous polyposis coli (APC) is a multifunctional protein that involves in regulation of the canonical Wnt signaling, cell polarity, adhesion and motility, cytoskeletal organization, chromosomal segregation and synapse formation. APC is a multidomain protein that acts as a scaffold for assembling of various functional protein complexes. APC complex with b-catenin, axin and glycogen synthase kinase 3b mediates b-catenin degradation (reviewed in Fodde et al., 2001; Bienz, 2002; Nathke, 2004) . Binding of the APC-stimulated guanine nucleotide exchange factor (ASEF) to the APC armadillo domain activates guanine nucleotide exchange activity of ASEF and stimulates cell migration (Kawasaki et al., 2000 (Kawasaki et al., , 2003 (Kawasaki et al., , 2007 . The C-terminal quarter of APC molecule binds to tubulin, end-binding 1, homolog of disc large and some other structural and cytoskeletal proteins (Jimbo et al., 2002; Nathke, 2006) . Regulatory interactions between the N-terminal and C-terminal domains of APC have been identified in vitro and in vivo (Li and Nathke, 2005) . In addition, the N-terminal coiled-coil domain has been shown to involve in APC oligomerization (Joslyn et al., 1993) .
Adenomatous polyposis coli is a tumor suppressor whose loss of function leads to severe abnormalities and tumorigenesis in many organs and tissues. Mutation in the APC gene is considered to be one of the earliest events in the colon cancer development (Powell et al., 1992; Kinzler and Vogelstein, 1996; Shibata et al., 1997) . The colon cancer-associated mutations of APC are predominantly located in the central area of the gene, called the mutation cluster region (MCR), and result in truncated proteins of about half size of the full-length APC that lack the binding sites for microtubules, endbinding 1, axin and ability to target b-catenin for degradation (Fodde et al., 2001; Bienz, 2002; Nathke, 2004) . The main tumor-suppressing function of APC is thought to associate with its capacity to downregulate intracellular b-catenin, a nuclear transducer of the canonical Wnt signaling pathway. The existence of alternative APC-independent mechanisms that control b-catenin activity (Liu et al., 2001; Xiao et al., 2003) however, confounds the relationship between deregulation of b-catenin and initiation of colon cancer. In the colon, an aberrant activation of Wnt manifests comparatively soon by development of multiple benign adenomas, whereas it takes years after the APC mutation has occurred for a polyp to eventually progress into cancer (Kinzler and Vogelstein, 1996) . A growing body of evidence indicates that actions of APC outside the regulation of Wnt signaling might significantly contribute to tumor initiation and progression (Kawasaki et al., 2003; Faux et al., 2004; Akiyama and Kawasaki, 2006; Nathke, 2006) . Intriguingly, recent studies have shown that loss of APC in immature thymocytes (Gounari et al., 2005) and pancreas (Strom et al., 2007) produces effects distinct from those of deregulation of b-catenin signaling. The high penetrance of APC mutations suggests that APC is involved in a number of fundamental processes that maintain the normal cell physiology.
The main assigned APC functions are localized to the cytoplasm, yet it has also been found in the nucleus and the APC molecule contains several nuclear import and export signals (Henderson and Fagotto, 2002) . The level of nuclear APC appears to depend on the stage of cell cycle and is higher in actively proliferating cells (Zhang et al., 2001; Fagman et al., 2003; Schneikert et al., 2007) . APC was shown to shuttle between the nucleus and cytoplasm and involve in transport of b-catenin back to the cytoplasm (Henderson, 2000; Neufeld et al., 2000; Rosin-Arbesfeld et al., 2000; Brocardo et al., 2005) . Recently, APC was reported to facilitate CtBP-mediated repression of b-catenin-dependent transcriptional activation and histone H3 K4 methylation at Wnt target genes (Sierra et al., 2006) . Nevertheless, a range of nuclear processes in which APC may play crucial role remains unclear. Herein, we present evidence that in the nucleus, APC specifically associates with transcriptionally active chromatin and stimulates transcription and double-strand breaks (DSB) DNA repair through a region truncated in the majority of colorectal tumors.
Results

APC specifically associates with euchromatin
To investigate whether endogenous APC associates with chromatin, we used chromatin immunoprecipitation (ChIP) with antibodies against histone H3 modifications that represent markers of transcriptionally active (acetyl-K9, K14 and trimethyl-K4) or inactive (trimethyl-K9) chromatin regions. Equal loads of cell material were applied for immunoprecipitation with equal amounts of each of the used antibodies. Eluted from immunocomplexes, chromatin fragments were slot-blotted onto membranes and probed with various anti-APC antibodies.
In these experiments, we established that endogenous full-length APC from HeLa and HCT116 cells was specifically co-precipitated by antibodies recognizing transcriptionally active chromatin or euchromatin-specific histone modifications ( Figure 1a ). As used commercial antibodies may vary in their pull-down efficiency, these data should be considered as qualitative rather than quantitative, even though every effort has been made to equalize conditions in parallel sets of immunoprecipitation.
Significantly, no truncated APC was detected in chromatin immunocomplexes precipitated with any of the used antihistone H3 antibodies from comparable or larger amounts of SW480 cells and CACO2 cells (Figure 1b ) that express only mutant APC(1-1338) and APC(1-1367), respectively.
Chromatin-interacting APC region
As truncated APC from SW480 cells lost the ability to associate with chromatin ( Figure 1b ) and the C-terminal quarter of APC had been known to interact predominantly with the cytoskeleton, we reasoned that APC sequences required for association with chromatin might be located between the region of frequent truncation mutations found in colon cancer (Figure 2a ) and the microtubule-interacting domain. Indeed, we determined that structural elements of a fragment APC(1440-2077), designated as APC-C (Figure 2a mirrored the chromatin association of endogenous APC in HeLa and HCT116 cells (Figure 1a ). The absence of truncated APC in chromatin immunocomplexes from SW480 and CACO2 cells ( Figure 1b ) together with consistency between the patterns of FlagAPC-C fragment and endogenous full-length APC chromatin association exclude a possibility that anti-APC staining in the transcriptionally active chromatin was an artifact caused by a nonspecific crossreaction of the anti-APC antibodies. Furthermore, in a consecutive double ChIP experiments, in which chromatin fragments eluted from antihistone H3 antibodies were further precipitated by anti-APC antibodies, we showed that FlagAPC-C was co-precipitated from stably transfected HEK293 cells with chromatin regions containing endogenous fulllength APC (Figure 2c ). Immunopurified from HEK293 cell nuclear extracts FlagAPC-C displayed strong preferential binding in vitro to acetylated histone H3(1-21) peptides, but did not interact with K4-trimethylated peptides (Figure 2d ). This suggests that in vivo APC may associate with euchromatin through interaction with acetylated histone tails.
Specific association of APC with euchromatin prompted us to investigate effects of different APC fragments on transcription. APC-C fused to the GAL4DBD strongly activated GAL4-dependent reporter expression, whereas the other fragments of APC displayed no transcriptional activity (Figure 2e b-catenin-binding 20 amino-acid repeats, we found that b-catenin small interfering RNA (siRNA) did not affect its transcriptional activity ( Figure 3a) . Moreover, APC-C appears to contain all elements essential for mediation of the b-catenin degradation (Fodde et al., 2001; Bienz, 2002; Nathke, 2004) and, consistently, its expression in SW480 cells (endogenous wild-type b-catenin) suppressed TCF/LEF-b-catenin-dependent reporter activity ( Figure 3b ). Thus, transcriptional activity of GAL4DBD-APC-C does not depend on the interaction with b-catenin.
APC associates with histone acetyltransferase activity Transcriptional activation is tightly linked to the recruitment of histone acetyltransferases (HATs) and stimulation of histone acetylation. A possible explanation of transcriptional activation by APC-C could be its association with HATs or alternatively, its ability to target histone deacetylases (HDACs) for proteasomal degradation by mechanisms related to b-catenin degradation. We found that anti-APC antibodies recognizing both full-length and truncated APC co-precipitated HAT activity from human cells expressing full-length, but not truncated APC ( Figure 4a ). Similarly, anti-Flag antibodies co-precipitated HAT activity from HEK293 cells stably expressing FlagAPC-C (data not shown). However, no HDAC activity was detected in any of the analysed immunocomplexes ( Figure 4b ). These data suggest that APC may associate with HATs through structural elements present in the APC-C fragment. Histone acetyltransferases are a diverse family of enzymes and the protein complexes in which they reside also vary significantly. Different HAT complexes carry out a broad range of functions and are essential for various vital nuclear processes including transcription, replication and DNA repair (Squatrito et al., 2006; Lee and Workman, 2007; Murr et al., 2007) . Next, we attempted to characterize nuclear APC complexes that may contain HAT and other enzymatic activities.
APC interacts with DSB DNA repair factors From nuclear extracts of HEK293 cells stably expressing FlagAPC-C, we purified a complex containing APC-C, endogenous full-length APC and DNA-dependent protein kinase (PK) catalytic subunit, DNAPKcs ( Figure 5a ). Similar complex was pulled-down from HeLa cell nuclear extracts using GST-APC-C (data not shown). DNAPKcs is a member of phosphatidylino- sitol-3 kinase-like family of kinases (PIKKs) and plays a critical role in DNA DSB repair (Burma and Chen, 2004) . Camptothecin is an inhibitor of topoisomerase 1 and has become routinely used to study the mechanisms and factors involved in checkpoint regulation and DNA repair in response to DSB DNA damage. Topoisomerase 1 produces reversible single-strand nicks in duplex DNA allowing DNA relaxation for replication and, possibly, transcription. Camptothecin traps the socalled cleavable complexes between topoisomerase 1 and DNA and prevents topoisomerase 1-mediated single-strand break DNA religation. When DNA replication forks collide with the trapped cleavable complexes, single-strand breaks are converted to irreversible double-strand breaks. This activates DNAPKand related PIKK-mediated DNA DSB repair pathways (Pommier, 2006) .
Significantly, in intact cells, APC-DNAPKcs complexes were present only in the nucleoplasm, but undetectable in the chromatin. However, DNAPKcs co-purified with FlagAPC-C and co-precipitated with endogenous APC from the chromatin protein fraction after induction of DNA DSB by treatment with camptothecin ( Figure 5b ). Treatment with increasing amounts of DNase I had no effect on the chromatin complex stability (data not shown).
In mammalian cells, transient histone H2AX serine-139 phosphorylation at DNA lesion sites represents an early and rapid (within few minutes) response to DSB formation. S139-phosphoryl H2AX, also known as gH2AX, has been shown to be essential for stable assembly of repair protein complexes at the damaged loci. After the repair complex is assembled, however, gH2AX has to be dephosphorylated for the DNA repair to be completed (Fernandez-Capetillo et al., 2004; van Attikum and Gasser, 2005) . Using antibodies against histones H2AX and gH2AX for ChIP from HCT116 cells, we found that induction of DNA DSB resulted in an increased association of APC with H2AX-and gH2AX-enriched chromatin regions, whereas no significant difference was observed in amounts of APC precipitated by antibodies against acetylated histone H3 (Figure 5c ). Similar pattern was observed in HeLa cells ( Figure 5d ) and for FlagAPC-C in HEK293 cells (data not shown). Accumulation of APC at the H2AX-enriched chromatin seems to be specific for induction of the DSB DNA repair, as we did not observe such effect in response to the treatment with cisplatin (cisdiamminedichloroplatinum) (Figure 5e ) that had been known to activate predominantly nucleotide excision and mismatch repair pathways (Dempke et al., 2000) .
DNA DSB-dependent recruitment of APC-C to histone H2AX-enriched chromatin is apparently DNAPKcs independent, as FlagAPC-C equally co-precipitated with H2AX-containing chromatin from both DNAPKcs-deficient (MO59J) and DNAPKcs-expressing (MO59K) cells (Figure 5f ).
Histone acetyltransferases and members of phosphatidylinositol-3 kinase-like family of kinases are essential components of DNA repair complexes, as DNA lesions trigger dynamic change in histone acetylation and phosphorylation in DSB-flanking chromatin to provide the accessibility of damaged DNA to the downstream repair factors (Fernandez-Capetillo et al., 2004; Morrison and Shen, 2005) . We compared an association of APC with HAT and PK activities in protein-contentnormalized cytoplasmic, nuclear and soluble chromatin protein fractions isolated from intact and camptothecintreated HEK293 cells. Induction of DNA DSB did not markedly change levels of HAT activity in the APC immunocomplexes, however, it resulted in a significant increase of serine/threonine PK activity associated with APC from the chromatin protein fraction, whereas seemingly not affecting the APC content (Figure 5g ). This is consistent with the finding that DNAPKcs is detectable in chromatin APC immunocomplexes only after the induction of DNA DSB (Figure 5b ). These data suggest that APC may promote association of PKs (including DNAPKcs) with chromatin at the damaged DNA loci. APC promotes DNA DSB-induced H2AX phosphorylation As induction of DNA DSB was clearly affecting the content of nuclear complexes of APC and its association with chromatin and DNA repair factors, we investigated whether APC itself could affect the processes involved in DNA DSB repair.
Transient histone H2AX phosphorylation is essential to trigger downstream processes in the mechanisms of DSB DNA repair and can be used as a phenotypic marker of the cell early response to induced DNA lesions (Fernandez-Capetillo et al., 2004; van Attikum and Gasser, 2005) . To estimate effects of APC on the DNA DSB-induced H2AX phosphorylation, we used an Immunopurified FlagAPC-C nuclear complexes were separated by 10-40% glycerol gradient centrifugation, resolved by precasted gradient polyacrylamide gels (PAAG) electrophoresis and analysed by western blot immunostaining with the indicated antibodies; (b) DNA DSB induce association of DNAPKcs with chromatin-bound APC. Nuclear (NUC) and chromatin (CHR) APC immunocomplexes were purified from HEK293 cells treated with vehicle (VEH) or 1 mM camptothecin (CPT) and analysed by western blotting with anti-DNAPKcs antibodies; (c and d) Induction of DNA DSB increased association of APC with histone H2AX-and gH2AX-enriched chromatin regions. Chromatin was precipitated with the indicated antibodies from cells treated for 3 h with vehicle or 1 mM camptothecin. Eluted chromatin fragments were slot-blotted and stained with anti-APC antibodies; (e) Activation of nucleotide excision and mismatch repair pathways does not affect association of APC in chromatin with histone H2AX. Chromatin was precipitated with anti-H2AX antibodies from HCT116 cells treated for 3 h with vehicle or 10 mM cisplatin (cisPt). Eluted and slotblotted chromatin fragments were first stained with anti-APC and then reprobed with anti-H2AX antibodies. (f) APC association with histone H2AX-enriched chromatin does not depend on DNAPK. DNAPKcs expressing (MO59K) and deficient (MO59J) cells were transfected with FlagAPC-C expression vector and treated with camptothecin. Chromatin fragments precipitated with the indicated antibodies were slot-blotted and stained with anti-Flag antibody. (g) DSB DNA damage stimulates association of chromatin APC with serine/threonine protein kinase (PK) activity. HAT and PK activities were analysed in APC immunocomplexes from cytoplasmic (CYT), nuclear (NUC) and chromatin (CHR) fractions of HEK293 cells treated with vehicle or camptothecin. Data shown as the mean ± s.d. percentage of the enzymatic activity in immunocomplexes from camptothecin-treated cells relatively to those from control cells taken as 100% for each corresponding protein content-normalized fraction.
ELISA (enzyme-linked immunosorbent assay)-based assay as a more sensitive and standardized method for detection of subtle quantitative differences in comparison to counting of gH2AX foci or western blotting.
Ectopic expression of the full-length APC clearly stimulated camptothecin-induced H2AX S139 phosphorylation in human colon cancer cells regardless of the type of their endogenous APC (Figure 6a ). Consistently, induction of gH2AX after treatment with camptothecin was higher in HEK293 clones stably expressing APC-C fragment in comparison with cells from the parental line (Figure 6b) .
Importantly, ectopic expression of truncated APC(1-1309) delayed the DNA damage-induced H2AX phosphorylation in the full-length APC-expressing HCT116 cells, but not in SW480 cells with endogenous truncated APC mutant (Figure 6c ). These suggest that truncated APC may exert a dominant-negative effect on the DNA repair function of APC.
Adenomatous polyposis coli knockdown with siRNA significantly decreased the rate of DNA DSB-induced H2AX S139 phosphorylation in HCT116 cells expressing full-length APC, but had no apparent effect in SW480 cells with endogenous truncated APC (Figure 7a) , even though the used APC siRNA targeted both full-length and truncated APC mRNAs ( Figure 7b) .
As gH2AX has to be dephosphorylated for successful progression of the downstream DSB repair processes (Fernandez-Capetillo et al., 2004; van Attikum and Gasser, 2005) , increased levels of H2AX phosphorylation may also reflect delayed repair of damaged DNA. Therefore, to ascertain whether the observed effects of APC knockdown can be ascribed to delay in the initiation or in progression of DNA repair, we examined kinetics of H2AX phosphorylation and dephosphorylation in HCT116 cells treated for 1 h with 1 mM camptothecin (Figure 7c ). Dynamics of S139 H2AX phosphorylation in cells transfected with control and APC-targeting siRNA suggests that APC knockdown delays the DNA DSB-induced H2AX phosphorylation. Parallel flow of descending parts of the time-course curves indicates that APC does not affect the rate of consequent H2AX dephosphorylation (Figure 7c ). This is in a good agreement with lower levels of APC coprecipitation by anti-gH2AX antibodies (Figures 5c, d and f) that may be attributed, at least in part, to the presence in pull-down chromatin segments of nonphosphorylated H2AX.
These data suggest that APC is involved at early stages of DSB DNA damage recognition and/or repair and cooperates with at least DNAPK to promote histone H2AX phosphorylation.
Chromatin-interacting APC fragment promotes non-homologous end joining DNA repair Next, we tested whether GAL4DBD-fused APC-C would be capable of restoring the expression of GAL4-dependent reporter that had been cut with restriction endonucleases in the middle of a linker between the promoter and luciferase-encoding region (Figure 8a ). Although the other fragments of the APC molecule were ineffective, co-transfection with GAL4DBD-APC-C markedly regenerated the cut reporter expression (Figure 8b ) and recyclization and/or head to tail end joining of the cut plasmid (Figure 8c ). This suggests that, if tethered to the DNA DSB sites, the full-length APC may promote non-homologous end joining DNA repair.
Discussion
Despite considerable interest in the role of APC in control of development and disease, many aspects of its physiological activity remain unclear, particularly involvement of APC in regulation of nuclear processes. An earlier microscopic immunocytochemical analysis of the endogenous APC in the nucleus has proven to be controversial and problematic due to various objective reasons (for example, see comments in Mogensen et al., 2002; Brocardo et al., 2005) . In this study, we employed molecular biological and biochemical approaches to examine nuclear interactions of APC.
We have shown that in the nucleus APC specifically associates with transcriptionally active chromatin enriched in K4-trimethylated histone H3 and acetylated histones H3 and H4. Recently, a b-catenin-dependent recruitment of APC to chromatin at Wnt target genes has been reported (Sierra et al., 2006) . In our study, similar patterns of APC association with chromatin from cells with very high (HCT116) and with very low or virtually silent (HeLa and HEK293) activities of the canonical Wnt signaling suggest that this association does not, at least at large, depend on the levels of nuclear, or signaling b-catenin. Significantly, truncated APC has the capacity to bind b-catenin and was also shown to negatively regulate its transcriptional activity in a cell cycle-dependent manner (Schneikert et al., 2007) . However, no detectable amount of APC was found to associate with chromatin in colon cancer cells expressing only truncation APC mutants. Furthermore, it appears that APC may associate with chromatin through interaction with specifically modified histones, such as acetylated histone H3, or with specific type of histones, such as H2AX. Reported ability of APC to directly bind A/T-rich DNA in vitro (Deka et al., 1999) may potentially contribute to its specific interaction with euchromatin regions, in which DNA is sterically more accessible in comparison with DNA in the heterochromatin. Similar to its well-established adaptor/scaffold function in the cytoplasm, nuclear APC appears to act as an adaptor platform for association of protein complexes whose composition may change in response to certain physiological conditions like an induced DSB DNA damage, as shown in this study. We have established that APC complexes include histone modifying HAT and PK activities. Histone modifications signal change in the chromatin conformation, whereas HATs and other histone modifying enzymes are known to form functional complexes with chromatin remodeling factors to regulate transcription (Yanagisawa et al., 2002; Kitagawa et al., 2003; Ohtake et al., 2003) and DNA repair (van Attikum and Gasser, 2005; Osley and Shen, 2006) . We show that if tethered to a gene promoter or DNA break site, APC may enhance the transcription and stimulate DNA DSB repair. Furthermore, levels of histone H3 acetylation and histone H2AX phosphorylation correlate with the level of APC expression. Recently, SWI/SNF remodeling complexes were shown also to facilitate DSB DNA repair by promoting induction of histone H2AX phosphorylation (Park et al., 2006) .
Recently, we have shown that APC associates with estrogen receptor-a in the ligand-dependent manner and that estrogen receptor-dependent recruitment of APC to the estrogen response elements (EREs) in target gene promoters enhances the estrogen receptor transactivation through stimulation of histone acetylation (Kouzmenko et al., 2008) . Earlier, it has been reported that estrogen-dependent transactivation of the pS2 gene requires generation of a DNA DSB and recruitment of DNAPK repair complex at the ERE in the gene promoter (Ju et al., 2006) . Taken together, these data suggest that APC may enhance estrogen-dependent transactivation by stimulation of histone acetylation and DSB DNA repair at the target gene EREs.
Adenomatous polyposis coli has been known to downregulate the canonical Wnt-dependent transcription by targeting b-catenin to proteasomal degradation in the cytoplasm (Fodde et al., 2001; Bienz, 2002; Nathke, 2004) and by nuclear sequestration and export of b-catenin from the nucleus (Henderson, 2000; Neufeld et al., 2000; Rosin-Arbesfeld et al., 2000; Brocardo et al., 2005; Schneikert et al., 2007) . The only so-far reported direct involvement of APC in transcription describes negative regulation of b-catenin transactivation through tethering by APC a repressor complex and reduction of histone H3 K4 methylation at the Wnt target gene promoters (Sierra et al., 2006) . Here, we have shown that APC has a capacity to activate the transcription. This is consistent with a presence of HAT activity in the nuclear APC complexes. Association with HATs and transcriptional activity of APC does not depend on the interaction with b-catenin. At the same time and consistent with its established role in Wnt regulation, transcriptionally active fragment of APC suppresses b-catenin-dependent transactivation.
H2AX represents a major histone H2A subtype and its level may vary from few percents to about a quarter of the cellular histone H2A pool depending on tissue or cell type. A significance of H2AX phosphorylation at S139 has been demonstrated for the early rapid response to DSB DNA damage and for mechanisms of physiologically regulated gene recombination (reviewed in Fernandez-Capetillo et al., 2004; van Attikum and Gasser, 2005) . Although the role of histone H2AX beyond DNA repair remains unclear, it has been shown to function as a dosage-dependent suppressor of oncogenic translocations and tumor development in mice, whereas in humans the H2AX gene belongs to a chromosomal region frequently mutated in various cancers (Bassing et al., 2003; Celeste et al., 2003) . The interaction demonstrated here between APC and histone H2AX suggests their potential cooperation in the tumor suppression function and opens a possibility of APC involvement in physiological processes other than DNA DSB repair that require H2AX. DNA-dependent protein kinase catalytic subunit plays a crucial role in the maintenance of genomic integrity. It functions as both a sensor and a transducer of DSB DNA damage signals and is involved in several DNA repair pathways (reviewed in Burma and Chen, 2004) . Accumulated clinical data of genomic instability in human colorectal tumors point to a causative link between APC mutations and defects in DNA repair at the early onset of colorectal tumorigenesis (Homfray et al., 1998; Shih et al., 2001; Hermsen et al., 2002; Gaasenbeek et al., 2006; Ishiguro et al., 2006) . Experimental studies on model animals revealed that DNA repair capacity was impaired in Apc À/ þ mice (Steffensen et al., 2005 (Steffensen et al., , 2006 . Taken together, these and similar reports imply a functional significance of APC for the mechanisms of DNA repair. Our study provides the first evidence that APC cooperates in recruitment of DNAPKcs to the damaged DNA chromatin and enhances the early response to DSB DNA lesions by promoting S139 histone H2AX phosphorylation. Consistent with our findings, loss of APC has been reported to reduce rearrangements between variable, diversity and joining, V(D)J regions and lymphocyte class switch recombination (Gounari et al., 2005) , the processes that require DNAPKcs-dependent DSB DNA repair (Burma and Chen, 2004) .
The colon cancer-associated truncations of APC abolish its abilities to interact with chromatin and stimulate DNA DSB-induced S139 histone H2AX phosphorylation. Moreover, truncated APC may exert a dominant-negative effect on the DNA repair function of the full-length APC similar to reported dominant effects of truncated APC mutants on the spindle checkpoint control and chromosomal segregation (Fodde et al., 2001; Green and Kaplan, 2003; Tighe et al., 2004) .
Impaired DSB DNA repair is believed to play a critical role in carcinogenesis (Khanna and Jackson, 2001) . Our data suggest that loss or truncation of APC may impair a rapid response to DSB DNA damage at the early steps of the DNA repair cascade and therefore, delay activation of downstream check points and repair factors. This may further advance an accumulation of mutated cells predisposed to malignant transformation. Thus, together with its known actions in the cytoplasm, presented here novel nuclear activities of APC further contribute to the established APC function as a tumor suppressor and gatekeeper.
Materials and methods
Materials, cells and plasmids
Recombinant histones H2A and H2AX, biotinylated histone H3 peptides were from Upstate (Lake Placid, NY, USA). Antibodies: APC C-20, APC F-3 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), APC Ali 12-28, trimethyl-K4 H3, trimethyl-K9 H3, acetyl-K9 H3 (Abcam, Cambridge, UK); H2AX, S139-phosphorylated H2AX (gH2AX) (Abcam and Upstate); acetyl-K14 H3, acetyl-K9/K18 H3, hyperacetylated H4 (Upstate); Anti-Flag M2 antibody and M2 agarose (Sigma, St Louis, MO, USA). b-catenin siRNA was from Ambion (Austin, TX, USA) (siRNA ID no. 42816). Precasted gradient polyacrylamide gels were from Invitrogen (Carlsbad, CA, USA).
Human colon carcinoma cells SW480 (APC truncated at aa1338, wild-type b-catenin), CACO2 (APC truncated at aa1367) and HCT 116 (wild-type APC, stabilized b-catenin mutant), HeLa, HEK293F, MO59K and MO59J cell lines were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA).
Expression constructs for APC segments were generated by amplification of the full-length APC cDNA as follows: APC(141-839) as APC-A (putative dimerization site was omitted to prevent piggyback interaction with endogenous APC), APC(838-1439) as APC-B; APC(1441-2077) as APC-C; and APC(2074-2844) as APC-D. To increase nuclear content of the expressed APC-C and reduce amounts of cells for nuclear complex purification, HEK293 cells were stably transfected with FlagAPC-C construct containing an additional N-terminal nuclear localization signal, TPPKKKRKVED.
ChIP and slot-bloting Double crosslink ChIP was performed according to Fujita et al. (2003) with modifications. Briefly, cells were treated for 30 min 5 mM dimethyl 3,3 0 -dithiobispropionimidate-2HCl (Pierce, Rockford, IL, USA), washed and further crosslinked with 1% formaldehyde. Cell lysates were sonicated to generate 300-800 bp DNA fragments. After immunoprecipitation, eluted chromatin fragments were slot-blotted onto Immobilon-P membrane (Millipore, Bedford, MA, USA). As a control for nonspecific staining, the membranes were stripped and further reprobed with alternative independently raised antibodies.
Alternatively, genomic DNA was purified from immunoprecipitated chromatin and PCR was performed as previously described (Ohtake et al., 2003; Kouzmenko et al., 2004) . Realtime-PCR was performed with SYBR Premix Ex Taq (Takara) and monitored using Smart Cycler II apparatus and software (Cepheid, Sunnyvale, CA, USA).
Cell protein fractionation
Cytoplasmic and nuclear protein preparation, Flag-tagged protein complexes purification and glycerol gradient fractionation were performed following in-house developed protocols (Yanagisawa et al., 2002; Kitagawa et al., 2003; Ohtake et al., 2007) . Soluble chromatin fractions were prepared using DNase I and micrococcal nuclease digestion according to Groisman et al. (2003) . Individual proteins in purified APC complexes were identified by MALDI-TOF mass spectroscopy (Voyager, Applied Biosystems, Foster City, CA, USA).
In vitro histone binding assay In vitro histone binding assay was performed according to the published procedure (Wysocka et al., 2006) with slight modifications.
Enzymatic assays
Protein A sepharose-bound APC immunocomplexes were equilibrated with appropriate assay buffer. HAT, HDAC and Ser/Thr PK activities were measured using the HAT calorimetric detection ELISA kit, HDAC fluorometric detection ELISA kit and Phospho-Serine/Threonine chemilumines-cence detection ELISA kit, respectively (Upstate) and protocols adapted for beads-bound enzyme assays.
Histone S139 H2AX phosphorylation assay Cells were plated onto 96-well clear bottom black plates (Corning, NY, USA). DNA DSB were induced by treatment with campthotecin (Furuta et al., 2003) . For ectopic APC expression, cells were transfected with 5 ng per well of fulllength APC or APC(1-1309) expression constructs (Kawasaki et al., 2003) or empty vector using Optifect (Invitrogen). After 24 h, cells were treated for 3 h with vehicle or 1 mM camptothecin (Sigma). Conditions for b-catenin knockdown with siRNA has been previously described (Memezawa et al., 2007) . For APC knockdown experiments, cells were transfected with 100 nM (0.1 ml per well) Silencer Validated APC siRNA, ID no. 42812 or Silencer Negative Control no. 1 siRNA using siPORT Amine transfection reagent (all from Ambion) and following the manufacturer's Reverse transfection protocol. The media were replaced 24 h post-transfection, and cells synchronized by maintaining in low-serum media for the next 24 h. Fetal calf serum was added to 10% and cells were treated for 1 h with vehicle or camptothecin. Histone H2AX phosphorylation was measured by ELISA using the H2AX Phosphorylation Chemiluminescence Detection Assay Kit (Upstate).
